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Chapter 1. Introduction 
 
1. The wood refinery process 
The wood refinery process, which creates fuels and chemicals by utilizing wood, has 
attracted increasing attention. Some currently operational acid sulfite pulp (SP) 
mills can produce various chemicals and materials from SP and spent sulfite liquor 
(SSL). For example, wood chips (oven dried, 1,000 kg) as raw materials provide 500 
kg of cellulose as pulp and 300 kg of lignosulfonate, 3 kg of vanillin, and 50 kg of 
ethanol, which are obtained by utilizing carbohydrates and lignin in SSL 1 , 2 ). 
Therefore, acid sulfite cooking, which is an established process in the pulp and paper 
industry, is one of the most notable technologies for the wood refinery process. 
The primary method used today for producing chemical pulp is the kraft process, 
which is mainly used for manufacture of paper. In 1935, annual production of SP in 
the United States was almost the same as that of kraft pulp (KP), and the total 
production of chemical pulp was approximately 2,900,000 tons 3 ). In Japan, the 
annual production of KP has been greater than that of SP since 19574). Recently, 
several kraft mills included a prehydrolysis step to remove hemicellulose from wood 
to obtain relatively pure cellulose as dissolving pulp (DP). Li et al.5) have reported 
that a temperature of 170°C was the optimum for hemicellulose extraction from 
mixed hardwood chips consisting of maple, aspen, and birch with relatively low 
conversion of xylose to furfural. 
In SSL and prehydrolysis liquor (PHL), monosaccharides, oligosaccharides, 
acetic acid, furfural, and lignin are present6－8). Furfural, which is a starting material 
for the production of Nylon 6-6 and Nylon 6, is produced from pentose by means of 
acid treatment. Acetic acid is also an important industrial commodity chemical as a 
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feedstock for production of the vinyl acetate monomer and terephthalic 
acid/polyethylene terephthalate. Several studies have reported production (or 
recovery) of furfural and acetic acid from PHL and SSL. Liu et al.9) analyzed the 
process of manufacture of furfural from PHL, and a high yield of furfural was 
obtained when the reaction was conducted in a biphasic system, with the ratio of the 
aqueous phase (PHL) to the organic phase (methyl isobutyl ketone) of 1:1. Ahsan et 
al.10) focused on the recovery of acetic acid from PHL and found that the reactive 
extraction with tri-n-octylamine using octanol, followed by sodium hydroxide back 
extraction, is an efficient process for recovering and concentrating acetic acid from 
PHL. 
Some current SP mills commercially produce lignin products, such as water-
reducing admixture for cement by utilizing lignosulfonate from SSL. On the other 
hand, kraft pulp mills utilize lignin in black liquor to produce energy by combusting 
it. Recently, from the standpoint of wood refinery, some authors evaluated the 
utilization of lignin in black liquor obtained by kraft or soda-anthraquinone (AQ) 
cooking as various chemical products. Takahashi et al.11) reported that softwood 
soda-AQ lignin showed better performance as a water-reducing admixture than did 
lignosulfonate. 
 
2. Advantages of the acid sulfite cooking method as an ethanol production process 
Ethanol is one of the most important types of fuel, and can be produced from wood 
via a refinery process. The pretreatment process for removal of lignin from wood is 
necessary for enzymatic saccharification of cellulose. Several methods have been 
proposed for optimization of the pretreatment in enzymatic saccharification. The 
acid sulfite cooking is a feasible technique for production of glucose from pulp using 
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enzymatic saccharification. Takahashi et al.12) reported that for Japanese larch SP, 
the resolution ratio of SP caused by enzymatic treatment is higher than that of kraft 
pulp and soda-AQ pulp, and that it is independent of kappa numbers in the range of 
20–60. 
Moreover, ethanol has been produced by utilizing hexose in SSL, which is the 
advantage of acid sulfite cooking when it is applied to the process of ethanol 
production and wood refinery. In 1944, annual ethanol production by fermentation 
in Japan reached approximately 167,500 kL, and most of this ethanol was consumed 
as fuel13). In 1950, the total annual ethanol production in Japan decreased to 28,700 
kL, and the production from SSL was 2,422 kL. 
Several studies have assessed acid sulfite cooking, and several seminal reports 
have been published in the Journal of Pulp Paper Industry in Japan during the 
period 1947–1957 and in Japan Technical Association of the Pulp and Paper Industry 
(TAPPI) Journal before 1984. For example, in the 1950s, the cause of the poor 
response of Japanese larch heartwood to acid sulfite cooking was investigated14). In 
the late 1950s, dumping SSL waste into rivers became a serious problem. At the time, 
fermentation of carbohydrates from SSL was evaluated to decrease the biochemical 
oxygen demand (BOD)15). 
While KP production rapidly increased relative to SP production, acid sulfite 
cooking was studied little by little and theories were proposed4,16). A method for 
improving pulp quality was developed involving selection of cooking pH to change 
the contents of residual hemicellulose in pulp and to prevent lignin condensation. 
Acid sulfite cooking using a magnesium base has received considerable attention 
because a process for recovering SSL can be introduced more easily, and the process 
does not produce thiosulfuric acid4). Subsequently, the number of new studies on acid 
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sulfite cooking decreased. In the 1980s, Suzuki et al.16) analyzed rate-determining 
steps of acid sulfite cooking with a Mg base. 
A report entitled “Studies on production of ethanol from spent sulfite liquor” by 
Oiwa13) and a report entitled “Preliminary studies on the fermentation of the sulfite 
pulp waste liquors” by Yamaguchi17) are especially important from the standpoint of 
current wood refinery processes. Oiwa showed that the hexose content of hardwood 
SSL is lower than that of softwood SSL after assessing the ratio of fermentable sugar 
(hexose) to unfermentable sugar (pentose). Yamaguchi reported that the content of 
fermentable sugar in SSL of SP for DP was relatively high and that the level of 
fermentation inhibitors, such as free SO2 and weakly combined SO2 in the SSL, was 
relatively low. 
Recently, several studies have looked into ethanol production from pentose in 
SSL18,19), which has long been regarded as an unfermentable sugar. In addition, 
Restolho et al.20) proposed a new process for concentrating sugars in SSL using 
nanofiltration after total separation of lignosulfonate by means of a process of 
ultrafiltration coupled with ion exchange. 
As the technology of fermentation and of the concentrating process advanced, the 
time has come for reevaluation of suitable acid sulfite cooking conditions for ethanol 
production and wood refinery processes. The conditions for obtaining a high yield of 
carbohydrates in SSL should be suitable for effective ethanol production. 
 
3. Pentose and oligosaccharide fermentation by Pichia stipitis 
SSL contains monosaccharides, oligosaccharides, and lignosulfonate, and several 
sulfite pulp mills have utilized SSL for ethanol production1,2). In softwood SSL, there 
is a high amount of hexoses, which can be fermented by Saccharomyces cerevisiae. 
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This yeast species cannot ferment pentoses, such as xylose. Hardwood SSL has a 
higher xylose concentration than does softwood SSL. Pichia stipitis is a well-known 
species of yeast that can assimilate xylose19). SSL also contains furfural, acetic acid, 
and sulfite ions6), which inhibit the bioconversion of monosaccharidess to ethanol21). 
Unfortunately, P. stipitis is more sensitive to inhibitory impurities than S. 
cerevisiae21,22). Therefore, removal of these inhibitory compounds is necessary in 
order to effectively produce ethanol using P. stipitis. 
SSL contains oligosaccharides, but S. cerevisiae cannot ferment oligosaccharides. 
Further hydrolysis steps such as acid or enzyme treatments would be necessary for 
ethanol fermentation by this species in order to utilize oligosaccharides in SSL, 
which would require additional stages and equipment. 
The xylose-fermenting species P. stipitis has 7 genes of different β-glucosidases, 
2 genes of β-mannosidases, and one encoding an endoxylanase; therefore, this species 
can facilitate oligosaccharide utilization23,24). It has been reported that P. stipitis can 
produce ethanol from cellobiose25,26) and xylan27). Parekh and Wayman26) reported 
that P. stipitis strain CBS 5776 produced 10.3 g/L ethanol from 25 g/L cellobiose 
within 48 hours. Lee et al.27) reported that P. stipitis CBS 5775 can help to produce 
2 g/L of ethanol from a 2% larch wood xylan solution. On the other hand, the effects 
of inhibitory compounds on oligosaccharide fermentation are not well understood. 
Moreover, it is necessary to remove inhibitory compounds from SSL to achieve 
effective ethanol fermentation. 
 
4. Previous studies on removal of fermentation inhibitors from pulping waste 
liquors 
The removal of inhibitory compounds (such as lignin, furfural, and acetic acid from 
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pulping waste liquors, e.g., PHL) that is based on the concepts of flocculation and 
adsorption has been reported8,28－ 34). As an example of flocculation, Shen et al. 30), 
when using lime to treat PHL, found that the concentration of furfural and lignin in 
PHL can be reduced by 100% and 25–30% respectively. Shi et al.31,32) focused on the 
combined acidification/polyethylene oxide (PEO) flocculation process of PHL; this 
process was found to be effective in removing lignin from PHL. 
Activated carbon has been used as an adsorbent to treat PHL. Liu et al.28) 
reported that the peroxide- or sulfuric acid–modified activated carbons have greater 
adsorption capacity for hemicellulose, lignin, and furfural present in PHL. 
Takahashi et al.33) studied simultaneous detoxification and fermentation (in situ 
detoxification) of SSL using an adsorbent. Activated carbon removed larger amounts 
of furfural and acetic acid from their model softwood SSL than did polymeric resin 
and precipitated calcium carbonate. In that study, ethanol production by S. 
cerevisiae was greater during fermentation with activated carbon. On the other hand, 
with the activated carbon treatment, the maximum removal of acetic acid was 50%; 
thus, 7 g/L of acetic acid still remained in SSL. Better removal of acetic acid is needed 
in order to use P. stipitis for fermentation. 
 
5. Advantages of calcium oxide and ion exchange treatments for removal of 
inhibitors 
Calcium oxide (CaO) treatment has been applied to SSL for the recovery of 
lignosulfonate in pulp mills35). The sulfate and sulfite ions could be removed from 
SSL by means of the CaO treatment19,35,36). In the present study, combined treatment 
with CaO and an amine-based ion exchange resin was proposed. We expected that 
such a process could enhance the removal of inhibitory compounds from SSL. 
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Anion exchange resins have an amine group that can selectively adsorb anions. 
Furthermore, one of the advantages of ion exchange resins is their ability to be 
restored. In a commercial application, sugar mills use an ion exchange resin to purify 
the sugar. The salts and ash in the sugar solution are removed by cation and anion 
exchange resins37). Therefore, we expected that the use of an ion exchange resin for 
the removal of acetic acid from SSL could be a feasible method. 
A weak base anion exchange resin can adsorb anions only at acidic and neutral 
pH. A strong base ion exchange resin can work in a wide pH range. Nonetheless, the 
OH− form of a strong base anion exchange resin can adsorb monosaccharides and 
consequently decompose them38–40). It was reported that the order of affinity among 
various ions and the strong base anion exchange resin is as follows: OH− < CH3COO− 
< Cl− < HSO3− < HSO4− (Ref. 41). The Cl− form of a strong base ion exchange resin 
cannot adsorb acetic acid. 
 
6. Advantages of acid sulfite pulp for glucose production via enzymatic 
saccharification 
Acid sulfite pulp can also be utilized to produce glucose by means of enzymatic 
hydrolysis. The resulting glucose from pulp can serve as a raw material for ethanol 
production. Takahashi et al.12) reported that for Japanese larch SP, the resolution 
ratio of SP caused by enzymatic treatment is higher than the resolution ratio of kraft 
pulp and soda-AQ pulp. 
Several reports suggested that residual lignin in pulp adsorbs the enzyme with 
ability to hydrolyze carbohydrates 42 , 43 ), therefore the enzymatic hydrolysis of 
cellulose is hindered by the residual lignin. A new method has been developed for 
estimating the amount of enzyme adsorbed to the enzyme-treated pulp. Pyrolysis 
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gas chromatography mass spectrometry (Py-GC/MS) was used for this purpose42). It 
has been demonstrated that the amount of enzyme adsorbed by enzyme-treated 
soda-AQ pulp is higher compared to SP. It was hypothesized that this difference is 
due to the difference in the amount of enzyme adsorbed to residual lignin when SP 
is compared to soda-AQ pulp. It is unclear, however, whether residual carbohydrates 
of the pulp still adsorb the enzyme even if the pulp is thoroughly washed with 
distilled water. 
Linder and Teeri44) have reported that the interaction of the cellulose-binding 
domains (CBDs) with cellulose is fully reversible and CBDs can be eluted from 
cellulose using simple dilution with a buffer solution. It is expected that the enzyme-
treated pulp after soaking in the buffer solution should release the enzyme from 
cellulose, and that only the enzyme still adsorbed to residual lignin should remain 
in the enzyme-treated pulp, which could be quantified using Py-GC/MS. In the 
present study, the enzyme-treated pulps were washed by soaking in acetate buffer 
and then analyzed using Py-GC/MS. 
The structure of lignin in hardwood differs from that in softwood. The structure 
of residual lignin in pulp should affect the adsorption of the enzyme on lignin and 
the efficiency of enzymatic saccharification of the pulp. To achieve effective 
enzymatic saccharification, it is necessary to clarify the effect of the difference in 
structures on the adsorption of the enzyme onto lignin. Therefore, it is important to 
evaluate the effect of lignin in hardwood pulp on enzymatic saccharification. In this 
study, the enzymatic saccharification rate of hardwood SP was compared to softwood 
SP. In addition, the amount of enzyme adsorbed onto residual lignin in different 
types of pulp was estimated in order to assess the difference in the rate of enzymatic 
saccharification between softwood and hardwood SP. 
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In addition, it is necessary to increase the enzymatic saccharification rate for 
effective ethanol production from SP. One possible approach to improvement of the 
enzymatic hydrolysis of pulp is the beating treatment, which is an established 
technology in pulp and paper industry. This method is expected to improve the 
effectiveness of treatment by increasing specific surface area of the pulp. The 
structure of the fibers would change during beating, thereby resulting in fibrillation 
and fiber swelling, which improve the flexibility, bonding ability, and specific surface 
area of the fibers 45 ). The enzymatic hydrolysis of cellulose is influenced by the 
structural features of the substrate, such as surface area. Several studies have 
reported that a high surface area of cellulose tends to increase the effectiveness of 
enzymatic hydrolysis46–48). It has been postulated that surface area of a substrate is 
important because close contact between the enzyme molecules and the surface of 
cellulose is necessary for hydrolysis to proceed. 
 
7. Objectives of this study 
In this study, the acid sulfite cooking is the focus of research as a pretreatment for 
ethanol production and biorefining processes that involve woody biomass. The acid 
sulfite cooking is expected to improve ethanol production both from the resulting 
SSL and from pulp. 
The first aim of this study is to estimate suitable acid sulfite cooking conditions 
to avail the qualities of acid sulfite cooking in wood refinery and bioethanol 
production. The second aim is to find a way to remove inhibitory compounds from 
SSL to enhance ethanol production from pentose and oligosaccharides in SSL. The 
third aim is to quantify the effect of residual lignin and pulp swelling on enzymatic 
saccharification in order to enhance production of ethanol and monosaccharides from 
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acid sulfite pulp by means of the enzymatic treatment. 
The outline of this study is as follows. In Chapter 2, the objective is to investigate 
the conditions for obtaining a good yield of monosaccharides and oligosaccharides in 
SSL and the dissolution behavior of carbohydrates in SSL. In Chapter 3, the first 
objective is to remove acetic acid from hardwood SSL via a combined treatment with 
CaO and an ion exchange resin. The second objective is to determine the effect of 
such a pretreatment on the production of ethanol by P. stipitis. In Chapter 4, the first 
objective is to study the effects of inhibitors on ethanol production from cellobiose by 
P. stipitis. The second objective is to optimize the removal of acetic acid from softwood 
SSL containing oligosaccharides using the combined treatment with CaO and the 
ion exchange resin, so that there are no significant changes in oligosaccharides. The 
third objective is to improve ethanol production from oligosaccharides in softwood 
SSL by combining the treatments with CaO and the ion exchange resin. In Chapter 
5, the first objective is to estimate the amount of enzyme adsorbed to lignin in 
enzyme-treated softwood SP and in enzyme-treated hardwood SP using the Py-
GC/MS method. The second objective is to study the effects of pulp swelling (induced 
by the beating treatment) on the enzymatic saccharification rate. The third objective 




Chapter 2. Behaviors of Carbohydrate Dissolution into Spent Sulfite Liquor 
from Wood during Acid Sulfite Cooking 
 
1. Introduction 
Presently, wood refinery process and bioethanol production from wood have attracted 
increased attention. Several methods have been proposed for the development of 
pretreatment steps in bioethanol production for increasing the efficiency of 
saccharification. The primary method used today for producing chemical pulp is the 
kraft process 1 , 2 ). On the other hand, acid sulfite cooking is the most notable 
technology for mass production of bioethanol from woody biomass. It is well known 
that monosaccahrides and oligosaccharides can be obtained in SSL3), and these are 
feasible feedstock for ethanol production. Several studies have reported on 
fermentation from carbohydrate in SSL4－6). Oiwa4) showed that the hexose content 
of hardwood SSL is lower than that of softwood SSL after investigating the ratio of 
S. cerevisiae fermentable sugar (hexose) to un-fermentable sugar (pentose). 
Yamaguchi6) reported that the content of fermentable sugar in SSL of SP for DP was 
relatively high and that the content of fermentation inhibitors, such as free SO2 and 
weakly combined SO2 in the SSL, were relatively low. Recently, some current acid 
sulfite mills have operated to produce ethanol from monosaccharide (hexose) in 
SSL7,8).Several studies have reported on acid sulfite cooking to improve pulp quality 
and cooking response to wood9,10), however, for effective ethanol production from SSL, 
to obtain high yield of carbohydrate into SSL is required.  
In Chapter 2, the purpose is to determine suitable conditions for each material 
and to avail the qualities of acid sulfite cooking in wood refinery and bioethanol 
production. In this Chapter, the conditions for obtaining a good yield of 
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monosaccharides and oligosaccharides in SSL and the dissolution behavior of 




Japanese larch (Larix leptolepis), which had been grown for 30 years, was obtained 
from the Agricultural and Forestry Research Center of University of Tsukuba, 
Yatsugatake forest (Kawakami, Nagano, Japan). The larch wood was divided into 
sapwood and heartwood portions, and wood chips were prepared from the sapwood 
portion. Acacia (Acacia mearnsii) wood chips were originally obtained from 
plantations in South Africa. These chips were kraft pulp mill-grade chips provided 
by Hokuetsu Kishu Paper Mills, Ltd. Stem parts of bamboo (Phyllostachys 
pubescens), grown in Hitachi-Omiya, Ibaraki, were cut into small blocks. 
These wood chips and blocks were milled in a Wiley mill and then separated into 
sizes within a range corresponding to 40–80 mesh. The milled materials were cooked 
using the acid sulfite method.  
 
2.2 Acid sulfite cooking 
Acid sulfite cooking of milled material (oven dried, 1 g) was carried out at 150°C for 
1–8 h under the following conditions: sulfur dioxide (SO2) concentration, 0.89 ± 0.02 
mol/L; Mg(OH)2 concentration, 0.39 mol/L or 0.20 mol/L; pH, 2.00 ± 0.14 or 1.40 ± 
0.03; and liquid-to-wood (L/W) ratio, 10 mL/g. 
After cooking, the suspension was filtered to recover residue (pulp) and filtrate 
(SSL) with a glass filter (1GP16). The pulp was then washed with distilled water and 




2.3 Analysis of SSL and pulp 
The SSL separated from pulp by filtration was diluted 500-fold. The monosaccharide 
content of the diluted SSL was determined using a Dionex ICS 3000 ion 
chromatograph (Dionex, Sunnyvale, CA, USA). This system consisted of a single 
pump model (SP-1), a pulsed amperometric detector (PAD), an IonPac AS 7 column 
(Φ 4 mm × 250 mm), an IonPac AS 7 guard column (Φ 4 mm × 50 mm), and an auto 
sampler (AS). 
The post-hydrolysis treatment was conducted with 4% sulfuric acid in SSL 
prepared by adding sulfuric acid to SSL at 121°C for 1 h to confirm the presence of 
oligosaccharide in SSL. After the post-treatment, the total amount of 
monosaccharide in the SSL was determined. 
Wood or pulp (oven dried, 10 mg) was first hydrolyzed with 72% sulfuric acid for 
2.5 h and then further hydrolyzed with diluted 4% sulfuric acid at 121°C for 1 h 
according to a previously published method 11 ). Resulting five different mono-
saccharides were determined using the ion chromatography system. The lignin 
content of the pulp was determined using the acetyl bromide method12). 
 
3. Results and discussion 
3.1 Dissolution behavior of larch carbohydrate into SSL 
3.1.1 Dissolution behavior of mannose 
Figure 2-1 clearly shows that mannan from larch wood dissolves as oligosaccharide 
and mannose and that both the hydrolysis of oligosaccharide and the decomposition 
of mannose in SSL proceeded with increasing cooking time. The mannose contents 
of SSL post-treated with sulfuric acid ( , □) were higher than untreated SSL. The 
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oligosaccharide was hydrolyzed under acidic conditions at pH 1.4 and pH 2 during 
the acid sulfite cooking. The highest yield of mannose (7.7%) in SSL post-treated 
with sulfuric acid was achieved by cooking at pH 1.4 for 1 h. 
The mannose content of SSL prepared by cooking for 6 h at pH 1.4 (▲) was 5.4%. 
This percentage of mannose is greater than the percentage obtained at pH 2 (■) with 
cooking for 8 h (3.5%). The reactivity of glucomannan containing galactose in a side 
chain decreases because it releases galactose during acid sulfite cooking. 
Glucomannan is adsorbed to the cellulose surface, therefore its crystallinity 
increases, and it becomes resistant to hydrolysis13). 
On the other hand, the mannose content of SSL cooked at pH 1.4 (▲) for 8 h was 
4.9%. This is 0.5% lower than the mannose content of SSL cooked for 6 h because 
mannose and oligosaccharide in SSL were denatured. Sugars that dissolve into SSL 
are converted to aldonic acid and sugar sulfonic acid13). 
 
3.1.2 Dissolution behavior of glucan 
Figure 2-2 shows the result of glucose and glucan. The glucose contents of SSL post-
treated with sulfuric acid were higher than those of untreated SSL. The glucan in 
SSL at the initial stage of the cooking should be derived from glucomannan. 
Glucomannan, a major hemicellulose of softwood, is primarily composed of glucose 
and mannose, and the ratio of glucose to mannose is 1 to 3–414). At the initial stage 
of cooking, the ratio of glucose to mannose in the post-treated SSL was about 1 to 
1.5–2.4 (Figs. 2-1 and 2-2). 
When acid sulfite cooking were carried out at pH 1.4 for 8 h, the glucose content 
of SSL from larch reached 7.7%, which was much higher than that from acacia (Fig. 





3.2 Dissolution behavior of acacia carbohydrate into SSL 
3.2.1 Dissolution behavior of xylose 
Comparison of the xylose content of acacia SSL between untreated and sulfuric acid 
treated SSL is shown in Fig. 2-3. It was clarified that xylan in acacia wood dissolves 
into SSL as monosaccharides and oligosaccharides at the initial stage of acid sulfite 
cooking. When acid sulfite cooking was conducted at pH 2 for 1 h, the xylose content 
in SSL post-treated with sulfuric acid was 12.6%. In addition, xylose and 
oligosaccharide decompose significantly during the later stage of cooking. As shown 
in Tables 2-1 and 2-2, xylan of acacia wood was significantly dissolved by cooking at 
pH 1.4 relative to cooking at pH 2. However, with cooking for 8 h at pH 1.4, the xylose 
content of acacia SSL was only 0.6%. This is 2.8% lower than the content obtained 
with cooking at pH 2. 
Rapid decomposition of xylose and oligosaccharide at pH 1.4 was caused by the 
acidic conditions. Furfural is formed from xylose under acidic conditions. On the 
other hand, we can compare the stability of xylan and mannan in Table 2-2, Fig. 2-
1, and Fig. 2-3. Dissolution of acacia xylan was faster than that of larch mannan, 
and decomposition of xylose and xylo-oligosaccharide in acacia SSL was faster than 
that of mannose and glucomannan in larch SSL.  
 
3.2.2 Dissolution behavior of cellulose 
Figure 2-4 shows the glucose content of SSL untreated and post-treated with sulfuric 
acid. When the cooking was carried out at pH 1.4 for 8 h, the glucose content of SSL 
was 5.3%. It was found that much more glucose can be obtained in SSL prepared at 
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pH 1.4 than in SSL prepared at pH 2. It should be noted that xylose in SSL degrades 
more rapidly at pH 1.4 than at pH 2. 
On the other hand, the glucose content of SSL rapidly increased at pH 1.4 with 
cooking for 4 h or at pH 2 with cooking for 6 h. When the cooking was carried out at 
pH 1.4 for 3 h, the extent of delignification was about 95%. This indicates that 
glucose dissolves rapidly into SSL immediately after sufficient removal of lignin from 
the pulp. It was suggested that at a later stage of cooking (at 4 h for pH 1.4 or at 6 h 
for pH 2), lignin existing on carbohydrate surface acts like a seal that should be 
removed. Cooking liquor can then make contact with cellulose to initiate 
decomposition of cellulose. 
At a later stage of cooking, there was little difference in the glucose content 
between untreated SSL and SSL treated with sulfuric acid. This indicates that there 
is not much oligosaccharide in SSL. Thus, it was clarified that cellulose decomposes 
into glucose and dissolves in SSL during the later stage of cooking. 
 
3.3 Dissolution behavior of bamboo carbohydrate 
Comparison of the xylose and glucose content of untreated SSL and SSL treated with 
sulfuric acid is shown in Fig. 2-5. At the initial stage of cooking (1–3 h), the xylose 
content of SSL treated with sulfuric acid was found to be higher than that of 
untreated SSL. On the other hand, during the later stage of cooking (4 h or longer), 
there was little difference in untreated SSL and sulfuric acid-treated SSL. This 
indicates that xylan of bamboo dissolves as xylose and xylo-oligosaccharide during 




Fig. 2-1 Dissolution of mannose from larch wood into SSL prepared 
 at pH 1.4 and pH 2 































Fig. 2-2 Dissolution of glucose from larch wood into SSL prepared  
at pH 1.4 and pH 2 
































Fig. 2-3 Dissolution of xylose from acacia wood into SSL prepared  
at pH 1.4 and pH 2 




























Fig. 2-4 Dissolution of glucose from acacia wood into SSL prepared 
at pH 1.4 and pH 2 

































Fig. 2-5 Dissolution of xylose and glucose from bamboo stem into SSL 
prepared at pH 2 



































3.4 Dissolution behavior of lignin and its condensation at a later stage of cooking 
The results of chemical analysis of pulps prepared from milled materials at pH 2 and 
1.4 were listed in Table 2-1 and 2-2, respectively. As shown in Table 2-1, the 
percentage of lignin content in larch pulp prepared by cooking for 8 h was 3.5%. This 
was 1.7% higher than the percentage obtained after cooking for 4 h. It is thought 
that the lignin quantitative values of pulps increased because of the condensation 
reaction of dissolved lignin, which occurs in the pulp, and because a fraction of 
carbohydrate changed during the later stage of the cooking process. These reactions 
should be affected by the decrease in pH of the cooking liquor during the later stage. 
For acacia and bamboo, the lignin quantitative values of pulps prepared by cooking 
for 8 h were found to be higher than the values determined after cooking for 4 h. A 
similar tendency was observed with cooking at pH 1.4 (Table 2-2). 
On the other hand, when the cooking process was carried out at pH 1.4, the lignin 
content of pulp and the pulp yield decreased rapidly relative to the cooking process 
carried out at pH 2. The lignin content of larch and acacia pulp cooked at pH 1.4 for 
2 h were 1.3% and 1.0%, respectively. However, the yields of glucan remained at 
44.0% and 44.3%, respectively. These values are higher than the values obtained 
with cooking at pH 2 for 4 h with lower lignin contents. This implies that cooking at 




Table 2-1 Acid sulfite cooking of milled materials at pH 2 
 
Cooking time (h) 0 2 4 8 
Larch sapwood     
Yield (%) 100.0 60.4 51.2 50.1 
Glucan 46.2 41.1 43.6 43.7 
Mannan 10.1 3.3 2.5 1.6 
Galactan 1.2 0.0 0.0 0.0 
Xylan 4.4 2.8 2.1 1.1 
Arabinan 0.9 0.1 0.0 0.1 
Lignin 29.3 7.0 1.8 3.5 
Unknown 7.9 6.1 1.2 0.0 
Acacia wood     
Yield (%) 100.0 56.6 52.3 50.4 
Glucan 45.2 47.3 43.7 43.8 
Mannan 1.6 0.0 0.0 0.0 
Galactan 2.3 1.6 1.1 1.1 
Xylan 14.9 5.2 3.4 1.1 
Arabinan 0.1 0.0 0.0 0.0 
Lignin 22.8 2.5 1.2 4.4 
Unknown 13.1 0.0 2.9 0.0 
Bamboo stem     
Yield (%) 100.0 54.2 49.4 48.9 
Glucan 44.9 40.3 38.0 37.5 
Mannan 1.6 0.3 0.2 0.2 
Galactan 0.0 0.4 0.2 0.0 
Xylan 19.8 6.1 3.7 0.1 
Arabinan 1.0 0.0 0.0 0.0 
Lignin 30.1 4.0 2.9 6.7 





Table 2-2 Acid sulfite cooking of milled materials at pH 1.4 
 
Cooking time (h)  2 4 8 
Larch sapwood     
Yield (%)  49.6 47.3 43.0 
Glucan  44.0 43.3 40.1 
Mannan  2.0 1.9 0.0 
Galactan  0.0 0.0 0.0 
Xylan  1.5 1.3 0.0 
Arabinan  0.0 0.0 0.0 
Lignin  1.3 0.4 0.9 
Unknown  0.9 0.5 2.1 
Acacia wood     
Yield (%)  48.6 46.5 37.5 
Glucan  44.3 42.7 31.1 
Mannan  0.0 0.0 0.0 
Galactan  0.8 1.5 0.0 
Xylan  2.5 1.0 0.0 
Arabinan  0.0 0.0 0.0 
Lignin  1.0 1.3 6.4 






In Chapter 2, the cooking conditions for obtaining a good yield of carbohydrates in 
SSL and the dissolution behavior of carbohydrate in SSL were studied. During the 
initial stage of cooking, larch mannan, acacia xylan and bamboo xylan dissolve as 
monosaccharides and oligosaccharides. After post-treated with sulfuric acid, the 
highest yield of mannose (7.7%) in larch SSL and xylose (12.6%) in acacia SSL were 
achieved by cooking at pH 1.4 for 1 h and that at pH 2 for 1 h, respectively. 
Dissolution of mannan was found to be slower than dissolution of xylan. 
Decomposition of xylose and xylo-oligosaccharide in acacia SSL was found to be 
faster than decomposition of mannose and manno-oligosaccharide.  
When the cooking is carried out at pH 1.4 for 8 h, the glucose content of larch SSL 
is 7.7%. This is 2.2% higher than the glucose content of acacia SSL. Larch SSL 
contains glucose derived from both cellulose and glucomannan. Glucose rapidly 
dissolves into SSL immediately after removal of lignin from pulp, at the later stage. 
When the cooking process was performed for a shorter time, the glucan content 
of pulp prepared at pH 1.4 was found to be higher than the glucan content of pulp 
prepared at pH 2. The cooking at pH 1.4 for 2 h is more selective for delignification 
than cooking at pH 2 for 4 h. 
It is necessary to prevent the decomposition of monosaccharides and 
oligosaccharides in SSL at the late stage of cooking to obtain a high yield of 
carbohydrates in SSL. Accordingly, we found that acid sulfite cooking performed with 





Chapter 3. Removal of Acetic Acid from Spent Sulfite Liquor Using Anion 




In Chapter 2, it was clarified that xylose and xylo-oligosaccharides were obtained in 
SSL prepared from acacia and bamboo. Some currently operational SP mills utilize 
hexose in SSL to produce ethanol by fermentation with S. cerevisiae. However, this 
strain cannot ferment pentose.  
P. stipitis is a well-known yeast that can assimilate xylose1). SSL also contains 
furfural, acetic acid, and sulfite ion 2 ), which inhibit the bioconversion of 
monosaccharides to ethanol1). Unfortunately, P. stipitis is more sensitive to 
inhibitory compounds than S. cerevisiae 3 , 4 ). Therefore, the removal of these 
inhibitory compounds is necessary in order to effectively produce ethanol using P. 
stipitis. 
CaO treatment has been applied to SSL for the recovery of lignosulfonate in pulp 
mill 5 ). The sulfate and sulfite ions could be removed from SSL by the CaO 
treatment6,7).  
Anion exchange resin has an amine group that can selectively adsorb anions. 
Furthermore, one of the advantages of ion exchange resins is their ability to be 
regenerated. Therefore, it was expected that using ion exchange resin for the 
removal of acetic acid from SSL could be a feasible method. 
A weak base anion exchange resin can adsorb anions only at acidic and neutral 
pH. A strong base ion exchange resin can work in a wide pH range. Nonetheless, the 
OH− form of a strong base anion exchange resin can adsorb monosaccharides and 
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consequently decompose them8－10). It was reported that the order of the affinity of 
anions within the strong base anion exchange resin is as follows: OH− < CH3COO− < 
Cl− < HSO3− < HSO4− (Ref. 11). The Cl− form of a strong base ion exchange resin 
cannot adsorb acetic acid. 
The objectives of Chapter 3 were 1) to remove acetic acid from hardwood SSL via 
a combined treatment of CaO and amine-based ion exchange resin and 2) to 
determine the effect of such a pretreatment on the production of ethanol with P. 
stipitis. First, the effect of acetic acid on ethanol production by P. stipitis was studied. 
Second, the removal of acetic acid from hardwood SSL with the ion exchange resins 
was evaluated. Third, the effect of ion exchange resin treatment of hardwood SSL on 
the fermentability of P. stipitis was evaluated. 
 
2. Experimental 
2.1 SSL sample 
The hardwood SSL was obtained from a pulp mill in eastern Canada, and prepared 
at pH 1.6－1.8, maximum temperature 150ºC and sulfite charge 7% as SO2. The 
chemical composition of hardwood SSL was as follows: glucose 4.3 g/L, xylose 18.9 
g/L, mannose 10.3 g/L, arabinose 0.6 g/L, galactose 1.8 g/L, acetic acid 11.2 g/L, 
lignosulfonate 119.5 g/L, sulfite ion 5.5 g/L, and sulfate ion 18.4 g/L. The pH of this 
SSL was 3.5. 
 
2.2 Ion exchange resins and activated carbon 
Porous type strong base (Diaion PA408 Cl− form, obtained from Mitsubishi Chemical) 
and weak base (A103S and Diaion WA30, obtained from Purolite and Mitsubishi 
Chemical, respectively) ion exchange resins were used in this research. The OH− 
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form of PA408 was prepared as follows: Cl− form resin (150 g) was soaked in 2 N 
NaOH (1L) for 30 min and then filtered. This treatment was repeated five times, and 
subsequently the resin was washed by distilled water 5 times. The OH− form of 
PA408 was kept in distilled water to prevent oxidation and denaturation. The 
activate carbon (powder form) was purchased from Sigma Aldrich (cat# C272-500). 
   
2.3 Ion exchange resin treatment 
The untreated SSL (20 mL) was treated with various ion exchange resins for 24 h at 
30 °C at 150 rpm in a 125 ml Erlenmeyer flask. The resin dosage was 20 wt% (the 
total exchange capacity; 2.6 meq) on sample in all experiments. In another set of 
experiments, the ion exchange resin treatments of acetic acid solution were 
conducted in the presence of lignosulfonate or sulfite and sulfate ions. At first, 10 g/L 
of acetic acid solution (AS), AS with 120 g/L of lignosulfonate, and AS with 5 g/L of 
sulfite ion (from Na2SO3) and 15 g/L of sulfate ion (from Na2SO4) were treated with 
the OH− form of PA408 for 24 h at 30°C and 150 rpm. The adsorption tests were 
performed by 20 ml of sample in a 125 ml Erlenmeyer flask. After treatment, 
supernatants were separated by filtration and collected for further analysis.  
 
2.4 Combined CaO and ion exchange resin treatments  
The CaO treatment of SSL was conducted as follows: The pH of hardwood SSL was 
adjusted to 10.5 with 100 g/L of CaO slurry and then treated at 70 °C for 15 min in 
a water bath5,6). The mixture was separated by filtration and the filtrate was used 
for further resin treatments. Then, the CaO-treated SSL was treated with the OH− 
form of PA408 for 24 h at 30°C and 150 rpm. In another set of experiments, the CaO-
treated SSL was neutralized with CO2 to pH 6.7 and then treated with the OH− form 
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of PA408, WA30, and A103S for 24 h. After the resin treatment, the mixture was 
separated by filtration for analysis. 
 
2.5 Combined CaO and short time of two-stage strong base ion exchange resin 
treatments 
One-stage resin treatment: The CaO-treated SSL was neutralized with CO2 to pH 
6.7 and then treated with the OH− form of PA408 for up to 10 min. The supernatants 
were collected for analysis. 
Two-stage resin treatment: After the first (2 min) stage resin treatment, the 
supernatant was collected and then neutralized to pH 6.7 with CO2. Subsequently, 
it was treated with the OH− form of PA408 resin for the second time up to 10 min. 
The conditions of the second resin treatment were the same as the first one. 
 
2.6 Microorganism 
P. stipitis CBS6054 was obtained from the USDA (Madison, Wisconsin). Stock 
cultures were kept on YPDX agar plates, which contained 10 g/L yeast extract, 20 
g/L peptone, 10 g/L D-glucose, 20 g/L D-xylose, and 10 g/L agar12). 
 
2.7 Inoculum preparation 
Inoculum was prepared by transferring a loopful of colonies from the agar plate into 
50 ml of media, which contained 3.5 g/L peptone, 3 g/L yeast extract, 2 g/L KH2PO4, 
1 g/L MgSO4, 1 g/L (NH4)2SO4, and 80 g/L xylose with pH 5.0 in a 125 ml Erlenmeyer 
flask. Incubation was conducted at 30 °C and 150 rpm for 48 h. The yeast was 





The model fermentation of monosaccharides solutions was prepared by mixing 17.2 
g/L xylose, 3.9 g/L glucose, and 9.4 g/L mannose in the presence of various acetic acid 
concentrations (0.01, 0.1, 1, 5, and 10 g/L). The fermentation was conducted in test 
tubes using 10 ml of sample. 
In the fermentation of hardwood SSL, the untreated, CaO-treated, and one stage 
(2 min treatment) and two-satage ion exchange resin-treated (2 min in 1st stage and 
4 min in 2nd stage) SSLs were used. These SSL samples were concentrated via 
evaporation so that the total sugar concentration was 30 g/L. Fermentation was 
conducted in test tubes using 5 ml of sample. 
The peptone, yeast extract, and ions were also added to samples in the same 
amounts as those used for the inoculum preparation. About 1 g/L dry cell weight was 
used. The pH of the samples was adjusted to 5.0 with 0.1 N H2SO4 or 0.1 N NaOH. 
All of the fermentation experiments were conducted at 30 °C and 150 rpm. An aliquot 
of 1 ml was withdrawn to determine the ethanol and sugar concentrations during 
the fermentation experiment. After fermentation, the samples were centrifuged and 
supernatant was collected for analysis.  
 
2.9 Analytical methods 
Monosaccharide concentrations were measured using an ion chromatography unit 
equipped with a CarboPac® PA1 column (Dionex-300, Dionex Corporation, USA) and 
a pulsed amperometric detector (PAD)13). The total monosaccharide concentration 
was calculated by the sum of each monosaccharide concentration. The furfural and 
acetic acid concentrations were determined by the 1H-NMR method as described in 
the literature14).  
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The lignosulfonate concentration was determined by the absorbance at 205 nm 
with UV spectrometry 15 ). A calibration curve was prepared using commercial 
lignosulfonate.  
Sulfite and sulfate ion analysis was conducted, following Tappi test method T699 
om-87. The ethanol concentration in the fermented samples was determined by an 
HPLC equipped with RI detector (Shimadzu). Separations were performed on a 
Rezex ROA-organic Acid H+ column (Phenomenex) at 65°C. The injection volume was 
20 µL, the mobile phase was 5 mM H2SO4, and the flow rate was 0.6 mL/min.  
 
3. Results and discussion 
3.1 Effect of acetic acid and sulfite ion on ethanol production with P. stipitis  
The effect of acetic acid concentration on fermentation with P. stipitis is shown in 
Fig. 3-1. The maximum ethanol production in the solution that had no acetic acid 
(control) was 11.2 g/L. P. stipitis was able to consume monosaccharides in the 
presence of 5 g/L of acetic acid, but ethanol production was marginal. In the presence 
of 1 g/L acetic acid in solution, the ethanol production was approximately half of that 
produced from the control sample after 48 h of fermentation. However, 9.6 g/L of 
ethanol was finally produced after 72 h of fermentation. These results may suggest 
that the acetic acid concentration should be reduced to less than 1 g/L to effectively 
produce ethanol from hardwood SSL using P. stipitis.  
Figure 3-2 shows the effect of sulfite ion concentration on fermentation with P. 
stipitis. As can be seen, ethanol was not produced by P. stitpits in the presence of 5 
g/L of sulfite ion. The original hardwood SSL contained 5.5 g/L of sulfite ion. 





Fig. 3-1 Effect of acetic acid on fermentation with P. stipitis using model solution: 
(A) ethanol concentration and (B) monosaccharide concentration 
Legends: control (  ), 0.01 g/L (×), 0.1 g/L (  ), 1 g/L (  ), 5 g/L (  ), 10 g/L (  ) 













































Fig. 3-2 Effect of sulfite ion on fermentation with P. stipitis using model solution: 
(A) ethanol concentration and (B) monosaccharide concentration 














































3.2 Ion exchange resin treatment of hardwood SSL 
Table 3-1 lists the acetic acid and monosaccharides concentration in SSL treated 
with various ion exchange resins. It can be seen that the both the weak and strong 
base resin treatments could not remove acetic acid from untreated hardwood SSL. It 
seems that the coexisting of substances, e.g. lignosulfonate and ions, in SSL hinder 
the removal of acetic acid from the solution. 
It can also be seen in Table 3-1 that the treatment with PA408 caused a slight 
decrease in monosaccharides concentration. This is because PA408 is a strong base 
ion exchange resin. Other resin (WA30 and A103S) are weak base ion exchangers. 
Monosaccharides are decomposed by the strong base anion exchange resin in its OH− 
form. It has been reported that monosaccharides are epimerized8,9) or converted to 





Table 3-1 Results of various ion exchange resin treatments of untreated hardwood 
SSL 







Untreated 11.2 35.9 119.5 
PA408 (OH− form) treatment  11.2 31.5 78.5 
WA30 treatment 10.1 35.9 70.6 
A103S treatment 11.2 35.9 - 
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3.3  Effect of the presence of lignosulfonate and ions on removal of acetic acid with 
ion exchange resin 
Figure 3-3 shows the results of the strong base ion exchange resin (OH− form PA408) 
treatment of 10 g/L of various acetic acid aqueous solutions. Apparently, 98% of acetic 
acid removal was achieved by the strong base resin treatment. In the presence of 120 
g/L of lignosulfonate, 30% of the acetic acid was removed from the ion exchange resin 
treatment. These results supported the conclusion that the presence of 
lignosulfonate retarded the removal of acetic acid by the ion exchange resin because 
the sulfonic group in lignosulfonate could be adsorbed to the active site of the resin. 
Furthermore, the ion exchange treatment of the aqueous solution containing 5 g/L 
of sulfite ion and 15 g/L of sulfate ion, which are the same concentrations as the 
original SSL, showed only 10% acetic acid removal.  
It was reported that the order of affinity among various ions and the strong base 
resin was CH3COO− < Cl− < HSO3− < HSO4− (Ref. 11). Therefore, sulfite and sulfate 
ions were adsorbed to the resin more preferentially than the acetate ion, thus acetic 
acid removal could be compromised if sulfite and sulfate are present in solutions. 
The results in Fig. 3-3 also imply that the presence of sulfite and sulfate at their 
actual concentrations in industrially produced SSL (i.e. 5 g/L and 15 g/L, 
respectively) had more negative impacts on the removal of acetic acid than 
lignosulfonate (120 g/L). Therefore, it is essential to decrease the sulfite and sulfate 
ions and lignosulfonate concentrations in order to remove acetic acid from SSL using 





Fig. 3-3 Effect of the presence of lignosulfonate, sulfite, and sulfate ions on the 
removal of acetic acid with strong base ion exchange resin (PA408) from an 
aqueous solution 
 

























3.4 CaO treatments of hardwood SSL 
The chemical compositions of CaO-treated hardwood SSL are listed in Table 3-2. The 
lignosulfonate content in SSL decreased from 119.5 g/L to 68.4 g/L via the CaO 
treatment. The sulfite ion was reduced from 5.5 g/L to 0.7 g/L, and sulfate ion was 
totally removed by CaO treatment. The CaO treatment did not affect the removal of 
acetic acid and monosaccharides.  
In a previous study, activated carbon treatment of model softwood SSL removed 
100% and 50% of furfural and acetic acid, respectively, when the dosage of activated 
carbon was 20% and the ethanol production with S. cerevisiae increased 10-fold, 
compared to the untreated sample16). In this study, 50% of the acetic acid was 
removed by activated carbon treatment of hardwood SSL, but the remaining acetic 
acid and sulfite ion in SSL prevented ethanol production by P. stipitis. The activated 
carbon treatment decreased lignosulfonate marginally and did not affect the removal 
of sulfite and sulfate ions. In other words, these compounds inhibited acetic acid 
removal by ion exchange resin (Fig. 3-2). 
The activated carbon use did not improve acetic acid removal by ion exchange 
resin, and thus was ineffective in the detoxification of SSL for producing ethanol via 
fermentation with P. stipitis. The CaO treatment was effective in removing 
lignosulfonate, sulfite and sulfate ions from SSL. Thus, this process along with ion 
exchange resin facilitated the detoxification of SSL in producing ethanol via 
fermenting monosaccharides with P. stipitis and was selected for further analysis. 
As can be seen in Table 3-2, the acetic acid concentration was increased with CaO 
treatment. It was reported that the cleavage of acetyl groups that are associated with 
hemicellulose at a high pH and temperature would result in acetic acid formation13).  
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Table 3-2 Results of CaO and activated carbon treatments of SSL 
 













Untreated 11.2 35.9 119.5 5.5 18.4 
CaO 13.3 34.5 68.4 0.7 - 
Activated 
carbon 





3.5 Combined CaO and ion exchange resin treatments of hardwood SSL 
Table 3-3 lists the concentrations of acetic acid, monosaccharides, and lignosulfonate 
of hardwood SSL after treatment with various ion exchange resins. Apparently, the 
acetic acid concentration in CaO-treated SSLs decreased by 48% via strong base ion 
exchange resin treatment. 
This treatment caused a significant monosaccharide removal as well. However, 
when the CaO-treated SSL was neutralized by CO2 to pH 6.7, the subsequent ion 
exchange resin treatment resulted in the acetic acid and total monosaccharides 
concentrations of 4.9 g/L and 9.7 g/L, respectively. Furthermore, this process resulted 
in a higher monosaccharides concentration.  
It is well known that monosaccharides are decomposed by the strong base anion 
exchange resin in its OH− form. As explained earlier, monosaccharides have been 
epimerized8,9) or converted to organic acids10), such as lactic or glycolic acids with 
strong base ion exchange resin.  
Koizumi and Okada also reported that sugars were not released from the strong 
base resin by organic solvent extraction, rather they were released by soaking with 
10% NaCl solution or aerating with CO2 gas8). These results indicated that sugars 
and strong ion exchange resin would bind together by ionic bonds. However, by the 
neutralization of SSL with CO2 gas, carbonate ion would be produced in SSL. The 
carbonate ion could be adsorbed to resin surface more preferentially than 
monosaccharides during ion exchange resin treatment, which would leave the 
monosaccharides in SSL for the downstream fermentation process.  
On the other hand, the weak base resin treatment of CaO-treated SSL after 
neutralization with CO2 gas did not affect the removal of sugars and acetic acid 
(Table 3-3). In this case, carbonate ions could be more easily adsorbed to the weak 
40 
  
base resin, compared with monosaccharides and acetate ion. Weak base resins 
cannot adsorb ions under alkaline conditions11). Generally, the order of uptake ions 
for weak base resin is CH3COO− < Cl− < HSO3−< HSO4− < OH− (Ref. 11). Therefore, it 
is expected that after neutralization of hardwood SSL by mineral acids, such as 
sulfuric acid or hydrochloric acid, these ions were adsorbed to the weak base resin 





Table 3-3 Results of various anion exchange resin treatments of CaO-treated SSL for 
24 hours 
 







CaO→PA408 6.7 3.3 12.3 
CaO→CO2→PA408 4.9 9.7 27.9 
CaO→CO2→WA30 13.3 34.5 22.6 
CaO→CO2→A103S 13.3 34.5 52.8 
 
Legend:  
CaO→PA408: the SSL was treated with CaO and then PA408.  
CaO→CO2→PA408: the SSL was treated with CaO, neutralized with CO2 and then 
treated with PA408.  
CaO→CO2→WA30: the SSL was treated with CaO, neutralized with CO2 and then 
treated with WA30.  
CaO→CO2→A103S: the SSL was treated with CaO, neutralized with CO2 and then 




3.6 Optimizing ion exchange resin treatment of hardwood SSL 
As can be seen in Table 3-3, the total monosaccharides were significantly decreased 
by the strong base resin treatment after 24 h. The resin treatment process of SSL 
should be optimized in order to minimize the decomposition of monosaccharides. 
Figure 3-4 shows the acetic acid and monosaccharides concentration of SSL after 
various pretreatment steps. As can be seen, the resin treatment for 2 min removed 
6.6 g/L acetic acid from SSL. A further increase in the treatment time did not lead to 
a significant increase in acetic acid removal, but the monosaccharides concentration 
decreased significantly. Additionally, the removal of acetic acid from non-neutralized 
SSL was less than the neutralized SSL. These results confirmed that the 
neutralization of CaO-treated SSL with CO2 prior to ion exchange resin was effective 
in maximizing the removal of acetic acid and minimizing sugar decomposition. 
Additionally, 2 min treatment of CaO- and CO2-treated SSL with ion exchange resin 
was sufficient to minimize the decomposition of monosaccharides. Thus, 2 min resin 
treatment was used for the subsequent experiments. Meanwhile, the ion exchange 







Fig. 3-4 Removal of acetic acid and sugars from neutralized (with CO2) or non-
neutralized SSLs with strong base ion exchange resin (PA408): (A) acetic 
acid and (B) total monosaccharides 















































3.7 Combined CaO and two-stage strong base ion exchange resin treatments of 
hardwood SSL  
As shown in Fig. 3-1, the ethanol concentration of prepared solution in the presence 
of 5 g/L of acetic acid was quite low (0.3 g/L). Additionally, more than 6 g/L of acetic 
acid remained in hardwood SSL after the first stage of resin treatment (Fig. 3-4), 
which would be still too high to achieve effective ethanol fermentation with P. stipitis. 
Subsequently, a second stage of resin treatment of SSL was conducted after the first 
stage in order to remove the remaining acetic acid from the treated SSL. The pH of 
the solution after the first stage of treatment increased to around 10. Thus, the 
treated SSL was neutralized by CO2 before the second stage of the resin treatment. 
Fig. 3-5 shows the impact of the second stage resin treatment on acetic acid and 
monosaccharides removal as a function of treatment time. As can be seen, the second 
stage of resin treatment (4 min) resulted in 0.9 g/L acetic acid and 15.9 g/L 
monosaccharide concentrations. These results confirmed that a combined CaO, CO2, 
and two-stage strong base ion exchange resin treatments could achieve selective 





 Fig. 3-5 Removal of acetic acid and monosaccharides from SSL by two-stage OH− 


















































3.8 Ethanol production via combined CaO and two-stage strong base ion exchange 
resin treatments using hardwood SSL 
The fermentation of SSL samples treated with CaO and two-stage ion exchange resin 
was conducted, and the results are shown in Fig. 3-6 and Table 3-4. As can be seen 
in Table 3-4, P. stipitis assimilated hexoses (glucose and mannose) faster than did 
pentose (xylose). After 24 h fermentation, there remained 1.6 g/L xylose in SSL 
treated with CaO, CO2 and two-stage resin treatment, while all of glucose and 
mannose were assimilated.  
The ethanol production from the fermentation was marginal in the untreated and 
CaO-treated SSL (Fig. 3-6). After the first stage of strong base resin treatment, 
ethanol with a low concentration (i.e., 2.5 g/L) was produced. Ethanol production 
increased to 10.6 g/L after 24 h of fermentation due to two-stage ion exchange resin 
treatment of the CaO- and CO2-treated hardwood SSL. This concentration was 
almost the same as that of the control (i.e., a sample without any acetic acid, but 
with the same monosaccharides concentration as was in hardwood SSL). It was 
revealed that the two-stage ion exchange resin treatments were effective in 






Table 3-4 Change of monosaccharide contents of hardwood SSL during fermentation 
 
   Monosaccharides (g/L) 
    Glc Xyl Man 
Before 
fermentation 
Control 3.5 14.7 9.6 
After 24 h 
fermentation 
Control 0 0 0 
Untreated SSL 3.2 14.7 8.0 
CaO  2.2 14.2 7.1 
One-stage resin 0.6 14.2 6.4 
Two-stage resin  0 1.6 0 
 
Legend:  
Untreated SSL: original SSL  
CaO: the SSL was treated with CaO  
One-stage resin: the SSL was treated with CaO, neutralized with CO2, and then 
treated with PA408 for 2 min 
Two-stage resin: the SSL was treated with CaO, neutralized with CO2, treated with 























Fig. 3-6 Effect of ion exchange resin treatment on ethanol production from hardwood 
SSL with P. stipitis: (A) acetic acid and (B) total monosaccharides 
Legend: control ( ), untreated (●), SSL treated with CaO (■), one-stage resin 














































In Chapter 3, the combined treatment of CaO and strong base ion exchange resin 
was applied for a removal of acetic acid from hardwood SSL. The effect of such a 
pretreatment on the production of ethanol from xylose in SSL with P. stipitis was 
studied.  
First, the effect of acetic acid on ethanol production from xylose by P. stipitis was 
studied. For effective ethanol production from hardwood SSL using P. stipitis, the 
acetic acid concentration should be reduced to less than 1 g/L in SSL. Ethanol was 
not produced in the presence of more than 5 g/L of sulfite ion or acetic acid. 
Second, the removal of acetic acid from hardwood SSL with the ion exchange 
resins was evaluated. The combined treatment of CaO, CO2, and two-stage strong 
base ion exchange resin (OH− form) in a relatively short time was effective in 
selectively removing acetic acid from hardwood SSL. The CaO treatment was 
effective in removing lignosulfonate and sulfite and sulfate ions from SSL, which 
helped the subsequent strong base resin treatment in removing acetic acid. The 
neutralization of CaO-treated SSL with CO2 gas was effective in maximizing acetic 
acid removal and minimizing the decomposition of monosaccharides by resin. 
Third, the effect of ion exchange resin treatment of hardwood SSL on the 
fermentability of P. stipitis was evaluated. The combined treatment of CaO, CO2, and 
two-stage strong base ion exchange resin was effective for improving the ethanol 
production from SSL using P. stipitis. The ethanol production from SSL was 
increased to 10.6 g/L after treated with CaO, CO2, and two-stage strong base ion 
exchange resin, while no ethanol was produced from untreated SSL. 
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Chapter 4. Improvement of Ethanol Fermentation from Oligosaccharides in 
Spent Sulfite Liquor with Pichia stipitis by Combined Calcium 
Oxide and Ion Exchange Resin Treatments 
 
1. Introduction 
In Chapter 3, the combined CaO and ion exchange resin treatments were applied to 
removal of inhibitory compounds from hardwood SSL, which contain 
monosaccharides but not oligosaccharides. However, SSL also contains 
oligosaccharides as shown in Chapter 2. Thus, utilization of oligosaccharides in SSL 
is required for effective ethanol fermentation. A xylose fermentable strain P. stipitis 
has 7 genes of different β-glucosidases, 2 genes of β-mannosidases, and one encoding 
an endoxylanase, thus facilitating oligosaccharide utilization 1 , 2 ). The SSL also 
contains furfural, acetic acid, and sulfite ion3), which inhibit the ethanol production 
from monosaccharides with microorganisms 4 ). However, the effect of inhibitory 
compounds on oligosaccharide fermentation is not well understood. Moreover, it is 
necessary to remove inhibitory compounds from SSL to achieve effective ethanol 
fermentation. 
The objective of Chapter 4 is to apply combined treatment of CaO and ion 
exchange resin to SSL, which contains oligosaccharides, that is, to develop an 
effective method to improve the ethanol production from oligosaccharides in SSL. 
This was achieved by the removal of inhibitory compounds with effect on 
oligosaccharides so that the ethanol production is maximized. First, the effect of 
inhibitory compounds on ethanol fermentation from cellobiose by using P. stipitis 
was clarified. Second, the removal of acetic acid in softwood SSL containing 
oligosaccharides by the combined CaO and ion exchange resin treatment was studied. 
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Third, the improvement of ethanol production from oligosaccharides in softwood SSL 
by using the combined CaO and ion exchange resin treatments was studied. 
 
2. Experimental 
2.1 SSL and waste liquor samples 
The softwood SSL and the hardwood waste liquor from alkaline sulfite pulp mill were 
obtained from pulp mills in Eastern Canada. The softwood SSL was prepared as 
followed: pH; 3.5－5.5, maximum temperature; 164ºC for 2 h, wood to liquor ratio; 
4.5 L/kg, and magnesium bisulfite charge; 24% as SO2. The waste liquor was derived 
from xylanase treatment of hardwood alkaline sulfite pulp and alkaline extraction 
of that. The chemical composition of waste liquor and SSL are shown in Table 4-1 
and Table 4-2, respectively. 
 
2.2 Ion exchange resins 
The strong base ion exchange resin (Diaion PA408 Cl− form) was obtained from 
Mitsubishi Chemical and used for the experiments. The OH− form of PA408 was 
prepared as follows; the Cl− form resin (150 g) was soaked in 2 N NaOH (1 L) for 30 
min, and then filtered. This treatment was repeated 5 times; subsequently the resin 
was washed by distilled water 5 times. The OH− form of PA408 was kept in distilled 
water to prevent oxidation and denaturation. 
 
2.3 Combined treatment of CaO and strong base ion exchange resin treatments 
The CaO treatment was conducted as follows: the pH of softwood SSL and hardwood 
waste liquor were adjusted to 10.5 with 100 g/L of CaO slurry and then treated at 
70ºC for 15 min in a water bath5,6). The mixture was separated with filtration, and 
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the filtrate was used for further experiments. The CaO-treated samples were 
neutralized with CO2 to pH of 6.8 and were subsequently treated with the ion 
exchange resin for up to 5 min at 30ºC with 150 rpm. The resin dosage was 20% on 
sample in all the experiments. 
 
2.4 Microorganism 
P. stipitis CBS 6054 was obtained from the USDA. Stock cultures were kept on a 
YPDX agar plate which contained 10 g/L of yeast extract, 20 g/L of peptone, 10 g/L 
of D-glucose, 20 g/L of D-xylose, and 10 g/L of agar7). 
 
2.5 Inoculum preparation 
Inoculum was prepared by transferring a loopful of colonies from the agar plate into 
50 mL of media which contained peptone, 3.5 g/L; yeast extract, 3 g/L; KH2PO4, 2 
g/L; MgSO4, 1 g/L; (NH4)2SO4, 1 g/L; and xylose, 80 g/L, pH 5.0 in 125 mL of 
Erlenmeyer flask. Incubation was conducted at 30ºC and 150 rpm for 48 h. The yeast 
was collected by centrifugation at 5000 rpm for 5 min and washed with sterile 
distilled water twice7). 
 
2.6 Fermentation 
In the model fermentation, cellobiose (15 g/L) solution in the presence of various 
acetic acid, furfural, and SO2 concentrations (0.01, 0.1, 1, 5, and 10 g/L) were 
prepared. In the fermentation of SSL, the untreated, CaO-treated, and ion exchange 
resin-treated SSLs were used. These SSL samples were concentrated by a vacuum 
evaporator to make the total oligosaccharides concentration 15 g/L. The peptone, 
yeast extract, and ions, which were the same amount as those used for the inoculum 
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preparation, were added to samples. About 1 g/L of dry cell weight was used. All of 
the fermentation experiments were conducted at 30ºC with 225 rpm, and the initial 
pH was adjusted to 5.0. 
 
2.7 Analytical methods 
Monosaccharides concentrations were measured using an ion chromatography unit 
equipped with CarboPac® PA1 column (Dionex-300, Dionex Corporation, USA) and 
a pulsed amperometric detector (PAD). Oligosaccharides were hydrolyzed by 4% 
H2SO4 at 121ºC for 1 h and then measured by the ion chromatography unit. 
Oligosaccharides concentration was calculated by subtracting the sugar 
concentration before hydrolysis from that after hydrolysis. The furfural, acetic acid, 
and ethanol concentrations were determined by the 1H-NMR method as described in 
the literature8). The area of signal at 1.2 ppm was used for ethanol determination. 
The lignosulfonate concentration was determined by the absorbance at 205 nm with 
UV spectrometry 9 ). A calibration curve was prepared by using commercial 
lignosulfonate. Sulfite and sulfate ions analyses were conducted according to TAPPI 
test method T699 OM-87. The cellobiose concentration was determined using an 
HPLC equipped with RI detector (Shimadzu). Separations were performed at 65ºC 
on Rezex ROA-organic Acid H+ column (phenomenex). Injection volume was 20 µL. 





3. Results and Discussion 
3.1 Effect of inhibitory compounds on ethanol production from cellobiose by using 
P. stipitis 
We first used cellobiose with or without the inhibitory compounds (acetic acid, 
furfural, sulfite ions) on the ethanol fermentation using P. stipitis, and the results 
are shown in Fig. 4-1 (ethanol production) and Fig. 4-2 (cellobiose consumption). The 
maximum ethanol concentration from the control (without inhibitory compounds) 
during fermentation was 2.9 g/L. It was found that the presence of more than 5 g/L 
of acetic acid in media totally inhibited ethanol production from cellobiose and no 
ethanol was produced (Fig. 4-1 A). 
The presence of 1 g/L of acetic acid inhibited ethanol production until 24 h, but 
after 40 h of fermentation, 2.6 g/L of ethanol was obtained, which was almost the 
same as that of the control. At this time, the amount of cellobiose consumption 
increased significantly from 24 h to 40 h (Fig. 4-2 A). The above results indicated 
that the inhibition of cellobiose fermentation caused by acetic acid is negligible in 
the late stage of fermentation at the presence of 1 g/L acetic acid. Glucose was not 
found from all of fermented samples. 
The maximum ethanol concentrations with 1 g/L of furfural and 0.1 g/L of sulfite 
ion were 1.9 g/L and 1.3 g/L, respectively (Figs. 4-1 B and C). Both still show strong 
inhibition even at the late stage of fermentation (40 h). Also, cellobiose in 1 g/L of 
furfural and 0.1 g/L of sulfite ion model solutions was not completely assimilated at 
the late stage of fermentation and its concentrations were 2.2 g/L and 3.3 g/L, 
respectively; while all of the cellobiose in the control was assimilated (Figs. 4-2 B 
and C).   
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Figure 4-3 shows the change of acetic acid and furfural concentrations during 
fermentation. The acetic acid concentration was reduced after 16 h of fermentation. 
On the other hand, furfural concentration only changed marginally. Implied here is 
that P. stipitis consumed acetic acid during initial stage of fermentation, and the 
growth of P. stipitis and ethanol production could be proceeded at the late stage of 
fermentation. This is the reason why the inhibitory effect of acetic acid was reduced 
in the late stage of fermentation.  
In addition, the ethanol production from 1 g/L acetic acid model solution was 
higher than that from 1 g/L furfural solution (Figs. 4-1 A and B), and less furfural 
was assimilated than acetic acid (Fig. 4-3). Even 0.1 g/L of sulfite ion inhibited 
ethanol production (Fig. 4-1 C). These results indicate that the negative effect of 








Fig. 4-1 Ethanol production from cellobiose by P. stipitis in the presence of inhibitory 
compounds:  (A) acetic acid, (B) furfural and (C) sulfite ion  


























































Fig. 4-2  Cellobiose consumption during fermentation in the presence of inhibitory 
compounds: (A) acetic acid, (B) furfural and (C) sulfite ion  





































































Fig. 4-3 Change of acetic acid and furfural concentrations during cellobiose 
fermentation with P. stipitis 


























3.2 Removal of inhibitory compounds by combination of CaO and ion exchange 
resin treatments 
In Chapter 3, hardwood SSL was treated by the combined method; such liquor 
contained monosaccharides but did not contain oligosaccharides. It was found that 
the combined treatment of CaO, CO2, and two-stage strong base ion exchange resin 
(OH− form) for 4 min decreased acetic acid concentration from 11.2 g/L to 0.9 g/L. 
However, total monosaccharides concentration also decreased to 15.9 g/L from 35.9 
g/L.  
We followed the same concept for removing acetic acid from softwood SSL, which 
contained oligosaccharides, and studied the effect of this method on decrease of acetic 
acid and oligosaccharides concentrations. The results are shown in Fig. 4-4, and it 
can be found that the acetic acid concentration in softwood SSL was decreased from 
5.2 g/L to 0.9 g/L by the combined CaO treatment and one-stage ion exchange 
treatment for 2 min. The total monosaccharides concentration was also decreased by 
this treatment (1.8 g/L). However, there was little change in total oligosaccharides 
concentration. 
Table 4-1 shows the results of the combined treatment of hardwood waste liquor 
that contained 23.1 g/L of acetic acid and 7.9 g/L of xylo-oligosaccharide. The acetic 
acid content of the waste liquor treated by combined CaO and the first-stage of ion 
exchange resin treatments was 14.9 g/L, and further ion exchange treatments were 
required to remove more acetic acid. The third-stage of ion exchange resin treatment 
decreased acetic acid content in the waste liquor to 5.9 g/L; furthermore the decrease 
of oligosaccharides with the third-stage treatment was marginal.  
It was reported that the OH− form of strong base anion exchange resin could 
adsorb monosaccharides and consequently decompose them10–12). Oligosaccharides 
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could hardly be adsorbed to ion exchange resin, thus their decomposition was 
minimum. It was found that the acetic acid can be removed by the ion exchange resin 
treatment without decreasing oligosaccharide from softwood SSL and hardwood 
waste liquor. 
The CaO treatment of SSL was applied for the recovery of lignosulfonate in pulp 
mills5). The sulfate and sulfite ions can also be removed from the SSL by the CaO 
treatment5,6). In this study, the sulfite ion content of softwood SSL was 12.7 g/L, and 
no sulfite ion was found after CaO treatment of SSL (Table 4-2). Other studies have 
also shown that furfural in the pre-hydrolyzates or SSL can be removed by lime 
treatment13,14), and the furfural in the hardwood waste liquor (0.7 g/L) was removed 
by CaO treatment (Table 4-1). On the other hand, in this study we found that the 
combined CaO and ion exchange resin treatments can decrease the acetic acid 













Fig. 4-4 Time dependence of removal of acetic acid and sugars in softwood SSL by 
strong base ion exchange resin (PA408) treatment: (A) acetic acid, (B) 





































































Oligosaccharides** (g/L) Inhibitory compounds** 
(g/L) 
Glc Man Xyl Ara Gal Acetic acid Furfural 
Untreated 0.6 0.3 7.9 0.4 0.5 23.1 0.7 
CaO  0.6 0.3 7.9 0.4 0.5 19.9 0 
1st ion exchange*  0.5 0.3 7.9 0.3 0.4 14.9 0 
2nd ion exchange* 0.5 0.3 7.9 0.3 0.4 9.7 0 
3rd ion exchange* 0.4 0.3 7.9 0.3 0.4 5.9 0 
* Each treatment time was 5 min. 
** No monosaccharides and sulfite ion were found. 
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3.3 Enhanced ethanol production from oligosaccharides in softwood SSL by 
combined CaO and ion exchange resin treatments 
Table 4-2 shows the chemical composition of SSL samples before and after 
fermentation. The fermentation results are shown in Fig. 4-5. When the 
fermentation with P. stipitis was conducted for 24 h, 1.3 g/L of ethanol was obtained 
in the SSL treated by the combined CaO and ion exchange resin treatments. All of 
monosaccharides were consumed at 16 h of fermentation. In addition, 3.3 g/L manno-
oligosaccharides, 1.9 g/L gluco-oligosaccharides, and 0.2 g/L of xylo-oligosaccharides 
were consumed (Table 4-2). P. stipitis has the genes for has 7 genes of different β-
glucosidases, 2 genes of β-mannosidases, and one encoding an endoxylanase1,2). 
Oligosaccharides were hydrolyzed by these enzymes and consequently consumed by 
the strain. Several reports have shown that P. stipitis can produce ethanol from 
cellobiose15,16) and xylan17), however limited results are available on utilization of 
manno-oligosaccharides by P. stipitis. The present results confirmed that P. stipitis 
has an ability to metabolize manno-oligosaccharide. As shown in Fig. 4-5, further 
oligosaccharides consumption from the SSL treated with combined CaO and ion 
exchange resin did not occur after 16 h of fermentation. β-glucosidases and β -
mannosidases, which are produced by P. stipitis, have high specificities to hydrolyze 





Table 4-2 Chemical composition of softwood SSL samples before and after 
fermentation 
 
 Monosaccharides (g/L) Oligosaccharides( g/L) Inhibitory 
compounds*(g/L) 




Untreated 1.0 3.3 0.8 0 0.7 3.9 9.1 0.3 0 1.5 5.2 12.7 
CaO 0.9 2.3 0.5 0 0.5 3.9 9.1 0.4 0 1.4 4.9 0 
Ion 
exchange 
0.7 1.8 0.4 0 0.4 3.9 9.1 0.4 0 1.4 0.9 0 
After 24 h 
fermentation 
0 0 0 0 0 2.1 6.0 0.2 0 1.3 0 0 












Fig. 4-5 Effect of ion exchange resin treatment on ethanol production from 
oligosaccharides in softwood SSL with P. stipitis: (A) ethanol, (B) total 
oligosaccharides and (C) total monosaccharides 






































































The objective of Chapter 4 is to apply combined treatment of CaO and ion exchange 
resin to SSL, which contains oligosaccharides. An effective method to improve the 
ethanol production from oligosaccharides in SSL was proposed. 
First, the effect of inhibitory compounds on ethanol fermentation from cellobiose by 
using P. stipitis was clarified. From the result of model experiments using cellobiose 
solution, 2.6 g/L of ethanol was obtained with 1 g/L of acetic acid present, while 2.9 
g/L of ethanol was produced from the control with no acetic acid present. The acetic 
acid concentration was decreased during the P. stipitis fermentation; thus, the 
inhibitory effect of acetic acid was lowered in the late stage of fermentation. 
Second, the removal of acetic acid in softwood SSL containing oligosaccharides by the 
combined CaO and ion exchange resin treatment was studied. It was found that 
inhibitory compounds such as acetic acid, furfural, and sulfite ions in the softwood 
SSL and the hardwood waste liquor can be removed by the combined CaO and ion 
exchange resin treatments with minimum effect on the oligosaccharides. The acetic 
acid concentration in the softwood SSL decreased from 5.2 g/L to 0.9 g/L by the 
combined method. 
Third, the improvement of ethanol production from oligosaccharides in softwood SSL 
by using the combined CaO and ion exchange resin treatments was studied. The 
combined method was effective for improving ethanol production from 
oligosaccharides in softwood SSL with P. stipitis. 38% of total oligosaccharides 
(initial concentration; 14.8 g/L) were consumed and 1.3 g/L of ethanol was obtained 
from the SSL treated by the combined method, while no ethanol was obtained from 




Chapter 5. Effects of Residual Lignin and Cellulose Swelling on the Rate of 
Enzymatic Saccharification of Acid Sulfite Pulp 
 
1. Introduction 
In Chapters 3 and 4, we focused on the ways to enhance ethanol production by P. 
stipitis from pentose and oligosaccharides in SSL by removing acetic acid from SSL 
(using a combined treatment with CaO and an ion exchange resin). On the other 
hand, SP can be hydrolyzed to glucose using enzymatic treatment. The resulting 
glucose from pulp can serve as a raw material for ethanol production. Takahashi et 
al. 1) found that, for Japanese larch SP, the resolution ratio of pulp subjected to 
enzymatic treatment is higher compared to kraft pulp and soda-AQ pulp, and that 
this resolution ratio is independent of kappa numbers in the range of 20–60. The Py-
GC/MS method has been successfully used for estimating the amount of both enzyme 
and lignin in enzyme-treated pulp2). We assumed that this difference is due to the 
difference between SP and soda-AQ pulp in the amount of enzyme adsorbed to 
residual lignin. It is still unclear, however, whether residual carbohydrates of the 
pulp still adsorb the enzyme even if the pulp is thoroughly washed with water. Linder 
and Teeri3) reported that the interaction of the cellulose-binding domain (CBD) with 
cellulose was fully reversible and that CBD could be eluted from cellulose by means 
of simple dilution with a buffer solution. In this chapter, enzyme-treated pulp was 
washed by soaking in acetate buffer to release the enzyme from cellulose in the 
enzyme-treated pulp, in order to evaluate the amount of enzyme adsorbed to lignin 
using the Py-GC/MS method. 
The structure of lignin in hardwood differs from that in softwood. The structure 
of the residual lignin in pulp should affect the adsorption of enzyme to lignin and the 
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enzymatic saccharification efficiency of the pulp. To achieve effective enzymatic 
saccharification, it is necessary to assess the effect of differences in the structure of 
lignin on the adsorption of the enzyme onto lignin. Therefore, it is important to 
evaluate the effect of lignin in hardwood pulp on enzymatic saccharification. The 
enzymatic saccharification rate of hardwood SP was compared to that of softwood SP, 
as described below. In addition, the amount of enzyme adsorbed to residual lignin in 
different types of pulp was estimated to determine the differences between softwood 
and hardwood SP in the rate of enzymatic saccharification. 
The ultimate goal is to increase the rate of enzymatic saccharification for more 
effective ethanol production from SP. One feasible way to increase enzymatic 
hydrolysis is delignification of pulp. The decrease of lignin content in pulp would 
increase the enzymatic saccharification efficiency by decreasing the adsorption of 
enzyme to lignin in pulp. 
The beating treatment, which is an established technology in the pulp and paper 
industry is expected to be another effective approach. The structure of the fiber is 
expected to be changed during beating because of the resulting fibrillation and fiber 
swelling, which increase the specific surface area of the fibers4). Several studies have 
reported that a large surface area of cellulose tends to increase the effectiveness of 
enzymatic hydrolysis5–7). Thus, the increase of specific surface area should lead to 
an increase in enzymatic saccharification of pulp. 
The objective of Chapter 5 is to estimate the effect of residual lignin and pulp 
swelling on enzymatic saccharification. This information can then be used to 
increase the production of ethanol and monosaccharides from SP. First, we applied 
the Py-GC/MS method to quantification of the amount of enzyme adsorbed to lignin 
in enzyme-treated softwood SP and enzyme-treated hardwood SP. Second, we 
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evaluated an increase in the water retention value as a measure of the specific 
surface area of pulp after various beating treatments; the effect of beating of pulp 
samples on the enzymatic saccharification rate was also elucidated. Third, the effect 
of delignification of SP on the rate of enzymatic saccharification was evaluated. 
 
2. Conclusions 
In Chapter 5, the objective was to estimate the effect of residual lignin and pulp 
swelling on the rate of enzymatic saccharification, with the ultimate goal to increase 
production of ethanol and monosaccharides from SP by means of enzymatic 
treatment. 
First, we applied the Py-GC/MS method to the quantification of the enzyme 
adsorbed to lignin in enzyme-treated softwood SP and enzyme-treated hardwood SP. 
The resolution ratio of acacia SP after the enzymatic treatment was lower compared 
to larch SP even though lignin content of acacia SP was lower. The amount of enzyme 
adsorbed to residual lignin in enzyme-treated acacia SP (as estimated by Py-GC/MS) 
was 61 FPU per 1 g of lignin, which was higher compared to enzyme-treated larch 
SP (35 FPU/g lignin). We found that the residual lignin in acacia SP could more 
easily adsorb enzyme to hydrolyze carbohydrates, compared to larch SP, and we 
theorized that residual lignin is likely to interfere with the binding of the enzyme to 
cellulose. 
Second, the effect of beating of pulp on the rate of enzymatic saccharification was 
assessed. The increase of glucose release from larch SP after beating was higher 
compared to acacia SP. The pulp swelling was increased by beating and the swelling 
efficiently increased the enzymatic saccharification rate, but only when the residual 
lignin in pulp could not interfere with the adsorption of the enzyme to cellulose. 
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Third, we studied the effect of delignification of SP on the rate of enzymatic 
saccharification. The delignification treatment was more effective than the beating 
treatment at enhancing enzymatic saccharification of both acacia SP and larch SP. 
The delignification process should be considered a high-priority technique for 
enhancing enzymatic saccharification of SP.  
71 
  
Chapter 6. Summary 
In this study, acid sulfite cooking is the focus of attention as a pretreatment for 
ethanol production from wood. The purpose of these experiments is to improve 
ethanol production from both the resulting spent sulfite liquor (SSL) and acid sulfite 
pulp (SP). 
In Chapter 2, we studied the conditions for obtaining a good yield of 
monosaccharides and oligosaccharides in SSL and the dissolution behavior of 
carbohydrates in SSL. Japanese larch (Larix leptolepis) wood, acacia (Acacia 
mearnsii) wood, and bamboo (Phyllostachys pubescens) were cooked with the acid 
sulfite method. 
The results are as follows: 
(1) During the initial stage of cooking, larch mannan, acacia xylan, and bamboo 
xylan dissolve as monosaccharides and oligosaccharides. Decomposition of xylose 
and xylo-oligosaccharide in acacia SSL was found to be faster than decomposition 
of mannose and manno-oligosaccharide.  
(2) After post-treated with sulfuric acid, the highest yield of mannose (7.7%) in larch 
SSL and xylose (12.6%) in acacia SSL were achieved by cooking at pH 1.4 for 1 h 
and that at pH 2 for 1 h, respectively.  
(3) Glucose rapidly dissolves into SSL immediately after removal of lignin from pulp, 
at the later stage. 
(4) It is necessary to prevent the decomposition of monosaccharides and 
oligosaccharides in SSL at the later stage of cooking to obtain a high yield of 
carbohydrates in SSL. Accordingly, we found that acid sulfite cooking performed 
with shorter cooking time should be suitable for obtaining a good yield of 
carbohydrates in SSL. 
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 In Chapter 3, we studied the process of removal of inhibitory compounds from 
SSL to enhance ethanol production by Pichia stipitis from pentose in hardwood SSL. 
First, the effect of acetic acid on ethanol production by P. stipitis was assessed. 
Second, the removal of acetic acid from hardwood SSL by means of ion exchange 
resins was evaluated. Third, we assessed the effect of treatment of hardwood SSL 
with ion exchange resin on the fermenting effectiveness of P. stipitis. 
These are the results: 
(1) The acetic acid concentration less than 1 g/L did not inhibit the pentose 
fermentation by P. stipitis. 
(2) When hardwood SSL was treated with calcium oxide (CaO), subsequently 
neutralized with CO2 gas, and treated with the two-stage of ion exchange 
treatment, the acetic acid concentration of SSL decreased from 11.2 g/L to 0.9 g/L. 
The ion exchange resin treatment reduced total monosaccharide concentration, 
but the CO2 gas neutralization of CaO-treated SSL was effective at minimizing 
the decomposition of sugars by the resin. 
(3) Ethanol production from hardwood SSL by P. stipitis was increased to 10.6 g/L 
after treatment with CaO, CO2, and the two-stage of ion exchange, whereas no 
ethanol was produced from untreated SSL. 
(4) We confirmed that this method was effective at improving the ethanol production 
by P. stipitis from pentose in SSL. 
 
In Chapter 4, the combined treatment with CaO and ion exchange resin was 
applied to softwood SSL, which contains oligosaccharides, in order to improve the 
ethanol production by P. stipitis from oligosaccharides in SSL. First, the effect of 
inhibitory compounds on ethanol production from cellobiose by P. stipitis was studied. 
Second, we studied the removal of acetic acid from softwood SSL (containing 
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oligosaccharides) by means of the combined CaO and ion exchange resin treatment. 
Third, we assessed the improvement of ethanol production from oligosaccharides in 
softwood SSL by means of the combined CaO and ion exchange resin treatments. 
The results are as follows: 
(1) Acetic acid did not inhibit the ethanol production by P. stipitis from cellobiose 
when the acetate concentration was less than 1 g/L. 
(2) The acetic acid concentration in the softwood SSL decreased from 5.2 g/L to 0.9 
g/L as a result of the combined treatment with CaO and ion exchange resin 
without any decrease in oligosaccharide amounts. 
(3) The 38% of total oligosaccharides (initial concentration; 14.8 g/L) were consumed 
and 1.3 g/L of ethanol was obtained from softwood SSL treated with the 
combination of CaO and an ion exchange resin, while no ethanol was obtained 
from untreated SSL. 
 
In Chapter 5, we focused on the effect of residual lignin and pulp swelling on 
enzymatic saccharification in order to enhance production of ethanol and 
monosaccharides from acid sulfite pulp (SP) by enzymatic treatment. First, we 
studied the Py-GC/MS method for measuring the amount of enzyme adsorbed to 
lignin in enzyme-treated softwood SP and enzyme-treated hardwood SP. Second, we 
evaluated the effect of beating of pulp on the rate of enzymatic saccharification. 
Third, we evaluated the effect of delignification of SP on the rate of enzymatic 
saccharification. 
These are the results: 
(1) The enzymatic saccharification efficiency of acacia SP was lower than that of 
larch SP. The amount of enzyme adsorbed to residual lignin in enzyme-treated 
acacia SP was 61 FPU per 1 g of lignin, which was higher compared to enzyme-
74 
  
treated larch SP (35 FPU/g lignin). The residual lignin in acacia SP could more 
easily adsorb enzyme to hydrolyze carbohydrates compared to larch SP; thus, the 
residual lignin is likely to interfere with the binding of the enzyme to cellulose. 
(2) The increase of glucose released from larch SP after the beating treatment was 
higher than that of acacia SP. The pulp swelling induced by beating increased 
the enzymatic saccharification rate, but only when the residual lignin in pulp 
could not interfere with the adsorption of the enzyme to cellulose. 
(3) The delignification treatment was more effective than the beating treatment at 
enhancing enzymatic saccharification of both acacia SP and larch SP. The 
delignification process should be considered a high-priority technique for 
enhancing enzymatic saccharification of SP. 
 
On the basis of the above results, the suitable cooking conditions for bioethanol 
production and the pretreatment methods to improve ethanol production from both 
the resulting SSL and SP were proposed. Acid sulfite cooking performed with shorter 
cooking time should be suitable for bioethanol production from SSL. Ethanol 
production from monosaccharides and oligosaccharides in the resulting SSL by P. 
stipitis can be improved by the combined CaO and ion exchange resin treatments. 
Moreover, the rate of enzymatic saccharification can be improved by delignification 
and the beating treatment of the pulp. 
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